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Edited by Peter BrzezinskiAbstract Physiological regulation of Ca2+ release from the
endoplasmic reticulum (ER) is critical for cell function. Recent
direct measurements of free [Ca2+] inside the ER ([Ca2+]ER) re-
vealed that [Ca2+]ER itself is a key regulator of ER Ca
2+ han-
dling. However, the role of this new regulatory process in
generating various patterns of Ca2+ release remains to be eluci-
dated in detail. Here, we incorporate the recently quantiﬁed
experimental correlations between [Ca2+]ER and Ca
2+ move-
ments across the ER membrane into a mathematical model ER
Ca2+ handling. The model reproduces basic experimental
dynamics of [Ca2+]ER. Although this was not goal in model de-
sign, the model also exhibits mechanistically unclear experimen-
tal phenomena such as ‘‘quantal’’ Ca2+ release, and ‘‘store
charging’’ by increasing resting cytosolic [Ca2+]. While more
complex explanations cannot be ruled out, on the basis of our
data we propose that ‘‘quantal release’’ and ‘‘store charging’’
could be simple re-equilibration phenomena, predicted by the re-
cently quantiﬁed biophysical dynamics of Ca2+ movements
across the ER membrane.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Release of Ca2+ from the endoplasmic reticulum (ER) is of
critical physiological and pathophysiological importance in a
variety of cell types [1–6]. The ER accumulates Ca2+ by ac-
tively pumping it from the cytosol using sarco-endoplasmic
reticulum Ca2+ ATPases (SERCAs), and Ca2+ can then ﬂow
back into the cytosol through specialized Ca2+ release chan-
nels, or through a poorly understood pathway of ‘‘Ca2+ leak’’
[1,2,7]. Experimentally observed dynamics of Ca2+ release
from the ER can be highly complex, and how various patterns
of Ca2+ release arise is often unclear.
One of such mechanistically elusive phenomena is ‘‘quantal
Ca2+ release’’, which refers to stepwise (quantal) decrease in
concentration of free calcium ions inside the endoplasmic retic-Abbreviations: ER, endoplasmic reticulum; [Ca2+]ER, concentration of
free calcium ions inside the endoplasmic reticulum; [Ca2+]c, free cyt-
osolic calcium concentration; SERCA, sarco-endoplasmic reticulum
calcium ATPase
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doi:10.1016/j.febslet.2005.12.042ulum ([Ca2+]ER) caused by stepwise increases in the intensity of
Ca2+-releasing stimuli. For example, stimulation of Ca2+ re-
lease by submaximal concentrations of agonists of ryanodine-
or IP3-receptor channels depletes the ER store only partially,
and subsequent administration of higher agonist concentration
triggers further Ca2+ release [8–10]. This behaviour was pro-
posed to be caused by the existence of a heterogeneous popu-
lation of Ca2+ release channels, which have diﬀerent sensitivity
to caﬀeine and are speciﬁcally localised in separate ER com-
partments [11–14]. The latter possibility seems unlikely since
recent evidence strongly suggests that the ER Ca2+ store in
mammalian cells is internally continuous [2,15]. Moreover,
since diﬀerent types of Ca2+ release channels can exhibit quan-
tal release despite structural diﬀerences and distinct mecha-
nisms of activation, it is tempting to speculate that quantal
behaviour is not a speciﬁc property of receptors, but a more
general property of ER Ca2+ handling. Another poorly under-
stood phenomenon is ‘‘store charging’’, which refers to in-
creased amplitude of ER Ca2+ release after a period of
increased free cytosolic calcium concentration ([Ca2+]c) (e.g.,
that caused by depolarisation-induced Ca2+ entry in neurons)
[2,16,17]. It was proposed to involve increased accumulation
of Ca2+ into the ER [2,18], but how this occurs is not known.
The release of Ca2+ from the ER has been the subject of
many computational models in the past (e.g., [19–25]). How-
ever, with one exception [25], these simulations did not take
into account the experimentally observed dynamics of
[Ca2+]ER and the potent regulatory eﬀects of [Ca
2+]ER on the
ﬂuxes of Ca2+ into and out of the ER, simply because direct
experimental quantiﬁcation of these phenomena did not exist
until relatively recently [2,9,26,27]. The experimentally ob-
served inhibitory eﬀect of [Ca2+]ER on SERCA activity [2,26]
provides the ER with a simple intrinsic mechanism of regulat-
ing its Ca2+ content. This raises the question of whether this
inhibitory interaction, combined with basic electrochemical
dynamics of Ca2+ leak and release, may be suﬃcient to explain
the experimental dynamics of [Ca2+]ER [2,9,26]. Here, we
incorporate the recently quantiﬁed eﬀect of [Ca2+]ER on
the SERCA pump [2,26] into a highly simpliﬁed model of
[Ca2+]ER dynamics, which, apart from the SERCA pump, con-
tains only two more calcium ﬂuxes that are necessary for sus-
taining basic biological plausibility: Ca2+ leak and Ca2+
release. We then analyse the dynamics of [Ca2+]ER which is im-
plicit in this model, ﬁrst asking whether the model is suﬃcient
to explain the experimental dynamics of [Ca2+]ER, and second,
exploring whether other Ca2+ release phenomena may, in the-
ory, be arise from the basic biophysical interactions between
the three main types of Ca2+ ﬂuxes across the ER membrane.blished by Elsevier B.V. All rights reserved.
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Our model ER contains three transmembrane Ca2+ ﬂuxes: Ca2+ up-
take by the SERCA pump (ICaSERCA), Ca
2+ release (ICaRELEASE) and
Ca2+ leak (ICaLEAK). In addition, the model contains a general leak
current (Ileak) responsible for the background resistance of the ER
membrane. ICaLEAK, ICaRELEASE and Ileak are passive (non-voltage-
gated) currents computed using Ohm’s law from their conductances
(g), equilibrium potentials (E), and the ER membrane potential
(VER) (Fig. 1, equations 1–3). The assumption that Ca
2+ leak is passive
is supported by data and arguments in [7,26,28]. Ca2+ release is simi-
larly assumed to be passive because the main types of Ca2+ release
channels are not thought to be voltage-gated, and for the sake of
simplicity is modeled using Ohm’s law (Fig. 1). The term P0 (Fig. 1,
equation 2) reﬂects the open probability of the release channels, and
was set to zero unless stated otherwise. Based on recent studies [25–
27], ICaSERCA is sigmoidally inhibited by [Ca
2+]ER and sigmoidally acti-
vated by [Ca2+]c (Fig. 1, equation 4). As in Hodgkin–Huxley equations
[29], VER was computed using Kirchhoﬀ’s 1st law (Fig. 1, equation 5).
ICaSERCA in this equation was multiplied by 0.5 because the SERCA
pump extrudes 1 H+ ion for 1 Ca2+ ion which enters the ER, i.e., half
of the Ca2+ current mediated by the pump is cancelled out by counter-
transport of H+ [30]. Finally, Ca2+ currents were converted to changes
in [Ca2+]ER using equation 6 (Fig. 1), where VolER is ER volume, and
z, T and F have their usual meanings [31]. In the experiments on which
the model is based, [Ca2+]c was clamped at around 100 nM by cytosolic
infusion of a BAPTA/Ca2+ mixture [2,26]. For comparison with these
experimental data, and also to further simplify the model, we therefore
ﬁxed [Ca2+]c at 100 nM in all simulations except those in Figs. 4 and 5.
All other parameters and reasons for choosing them are given in Ta-
ble 1. Before we proceed to describing our results, we would like to
comment in more detail in our unorthodox choice of 80 mV as the
value of Eleak (and hence the membrane potential of the ER). This va-
lue was estimated by electrochemical equilibrium analysis of experi-
mental values of [Ca2+]c and [Ca
2+]ER which give zero net Ca
2+ leak
from the ER [2,26]; this calculation is described in our recent article
[28]. The rather large negative value of Eleak may seem unusual because
the ER is often assumed to have little or no membrane potential. There
is, however, no scientiﬁc proof for the latter assumption at present. For
example, the fact that the ER membrane can have a high K+ conduc-
tance [32] is not incompatible with a large potential diﬀerence across
the ER membrane, since many cell membranes, for example the plasma
membrane of the pancreatic b-cell [33], can have both a high K+ con-
ductance and a very large transmembrane potential. Nevertheless, be-
cause our evidence for the negative value of Eleak is indirect, we also
performed simulations with Eleak = 0, and also observed quantal re-
lease and store charging dynamics with this alternative assumption
(data not shown). Our main conclusions regarding quantal release
and store charging are thus independent of whether the ER membrane
potential is assumed to be zero or non-zero.
The simulation engine MATLAB (Release 6) was used in this study.
The system of diﬀerential equations was solved by numerical integra-
tion at time resolution of 0.1–1 s, using ‘‘ode15s’’ stiﬀ systems solver
of MATLAB. Simulation parameters are given in Table 1.Fig. 1. Schematic diagram and e3. Results
3.1. Biological plausibility of basic computational outcomes of
our model
When simulations were started at a low initial value of
[Ca2+]ER, our model ER accumulated Ca
2+ to biologically real-
istic steady-state values [2,26,27] (Fig. 2). Upon subsequent
simulation of transient maximal opening of Ca2+ release chan-
nels (performed by setting release P0 to 1), the model showed
rapid but incomplete [Ca2+]ER depletion followed by slower re-
accumulation (Fig. 2). In turn, slow store depletion resulted
when SERCA-mediated Ca2+ uptake was blocked (Fig. 2).
These behaviours closely resemble the dynamics of [Ca2+]ER
during experimental opening of release channels and block
of SERCA pumps with thapsigargin [2,26,27]. Thus, although
we did not explicitly model every molecular and biophysical
component of the ER, the simpliﬁed assumptions of our model
appeared to retain suﬃcient biological plausibility to repro-
duce several fundamental features of experimental [Ca2+]ER
dynamics. This encouraged us to explore whether our model
is able to exhibit more complex experimental phenomena.3.2. The model displays quantal release
We ﬁrst simulated experimental conditions that generate
quantal release of Ca2+ from the ER by stimulating the model
ER with stepwise changes in the release P0 [2] (Fig. 3A). Under
these simulation conditions, the model exhibited clear quantal
behaviour, manifested as stepwise changes in [Ca2+]ER in re-
sponse to stepwise changes in P0 (Fig. 3A). This dynamics clo-
sely resembles experimental quantal release (e.g., [9]). In order
to gain insight into the biophysical basis of this quantal
dynamics, we visualized the individual (Fig. 3B) and net
(Fig. 3C) Ca2+ ﬂuxes occurring during the quantal changes
in [Ca2+]ER. This revealed that in our model, quantal release
involved simple re-equilibration of Ca2+ ﬂuxes, where net
Ca2+ ﬂux across the ER membrane returns to zero after tran-
sient imbalances caused by changes in P0 (Fig. 3B and C). This
illustrates how quantal release can arise from basic biophysical
rearrangements of main Ca2+ ﬂuxes across the ER membrane.
We also directly examined how the steady-state [Ca2+]ER
changes as a function of P0, which revealed a hyperbolic rela-
tionship between the two parameters, with [Ca2+]ER ﬁrst
declining near-linearly and then reaching a steady-state as P0
is increased (Fig. 3D).quations of the ER model.
Table 1
Simulation parameters
Parameter (meaning) Value (reason)
gCaRELEASE (maximal total conductance of Ca
2+ release channels) 1 nS (set to a high value based on fast kinetics and large amplitude of
experimental Ca2+ release [2,26,27])
[Ca2+]c (cytosolic calcium concentration) 100 nM, unless stated otherwise (as in [Ca
2+]c-clamp experiments on which
the model is based [2,26])
P0 (open probability of Ca
2+ release channels) 0, unless stated otherwise
ImaxSERCA (maximum Ca
2+ current that can be generated by the
SERCA pump)
20 pA (estimated from data in Fig. 20B in [2], assuming VolER stated in this
table)
IC50 ([Ca
2+]ER which results in half-maximal inhibition of SERCA) 220 lM (estimated from data in Fig. 20B in [2])
EC50 ([Ca
2+]c which produces half-maximal activation of SERCA) 0.27 lM (taken from [25])
h1, h2 (Hill coeﬃcients for modulation of SERCA by ER and
cytosolic [Ca2+], respectively)
2 (h1 assumed to be 2 to reproduce sigmoidal experimental relationship
between [Ca2+]ER and SERCA activity [26,27]; h2 = 2 based on kinetic
scheme in [25])
z (charge of 1 calcium ion) 2
RT/F (conversion constant) 22.26 mV (from [31], assuming 20 C)
Eleak (reversal potential for the background, non-Ca
2+, ER
conductance)
80 mV (Inside-negative. See paragraph 2 of Section 2 for explanation and
comments.)
gleak (background, non-Ca
2+ conductance of the ER membrane) 10 nS (set to a high value to provide very eﬃcient charge compensation for
Ca2+ release, necessary to reproduce fast experimental kinetics of Ca2+
release)
CmER (ER membrane capacitance) 10 pF (There are no experimental estimates of this value, but this choice has
no signiﬁcant bearing on Ca2+ dynamics because gleak is high in our
simulations.)
VolER (volume of the ER lumen) 1.257 · 103 nL (Assuming that ER occupies 30% of volume of a spherical
cell with radius of 10 lm.)
ECa (VER at which electrochemical driving force of Ca
2+ ﬂux is
zero)
Calculated using the Nernst equation: ECa ¼ RTzF ln ½Ca
2þc
½Ca2þER
Fig. 2. Example simulations of [Ca2+]ER dynamics. At time 0, the
simulation commenced with a near-zero value of [Ca2+]ER, and release
and block of uptake were simulated where indicated. [Ca2+] [Ca2+]c
was ﬁxed at 100 nM (see Section 2).
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To examine whether our model can exhibit store charging-
like behaviour, we increased [Ca2+]c within the physiological
range (Fig. 4). The model ER accumulated Ca2+ to higher stea-
dy-state levels when [Ca2+]c was increased (Fig. 4), as previ-
ously proposed on the basis of indirect experimental data [2].
To understand the basis for this increased Ca2+ accumulation,
we eliminated [Ca2+]c-dependence of various model parame-
ters. The store charging responses persisted, but with reduced
amplitudes, when [Ca2+]c was prevented from inﬂuencing
either ICaLEAK or ICaSERCA (respectively, marked ‘‘constant
leak’’ and ‘‘unmodulated SERCA’’ in Fig. 4A, see legend to
Fig. 4 for details of these simulations). However, when
[Ca2+]c was prevented from inﬂuencing both ICaLEAK and
ICaSERCA, store charging was abolished (Fig. 4A), indicating
that increased [Ca2+]c causes store charging by both opposingCa2+ leak and enhancing Ca2+ uptake. We also examined how
the steady-state [Ca2+]ER changes as a function of [Ca
2+]c
(Fig. 4B). The [Ca2+]ER increased non-linearly with [Ca
2+]c, in-
tially fast (for [Ca2+]c below about 500 nM), and then at a
slower rate (for [Ca2+]c above 500 nM) (Fig. 4B). The fast
component depended on the positive modulatory eﬀect of
[Ca2+]c on the SERCA pump, and the slow component was
caused by electrochemical reduction of Ca2+ leak (Fig. 4B).
Similar to simulations of the temporal dynamics of [Ca2+]ER
(Fig. 4A), the increase in steady-state [Ca2+]ER caused by in-
creased [Ca2+]c was abolished when [Ca
2+]c was prevented
from aﬀecting both SERCA and Ca2+ leak (Fig. 4B), conﬁrm-
ing that increased [Ca2+]c causes store charging by both oppos-
ing Ca2+ leak and enhancing Ca2+ uptake.
Experimentally, the stimulation of ER Ca2+ release by a per-
iod of increased [Ca2+]c was transient, persisting only for
<10 min after the conditioning increase in [Ca2+]c [16]. Simu-
lating these experimental conditions (Fig. 5A) revealed that
such dynamics was also exhibited by our model. Speciﬁcally,
the amplitude of Ca2+ release (D[Ca2+]ER) was only transiently
increased after a pulse of elevated [Ca2+]c, and decayed to con-
trol levels with a monoexponential time constant of around
140 s (Fig. 5B).4. Discussion
4.1. Consequences of interplay between the main ER Ca2+ ﬂuxes
in our model
In this study, we present a model of [Ca2+]ER control which
combines Hodgkin–Huxley-like description of the ER mem-
brane potential [22,23,29] with the recently quantiﬁed eﬀects
of [Ca2+]ER on SERCA and Ca
2+ leak [2,26,27]. We are aware
of only one recent model which incorporated the latter exper-
imental information [25], and to the best of our knowledge our
Fig. 3. Simulated quantal release of Ca2+ in the model ER (A), and
underlying dynamics of individual (B) and net (C) Ca2+ ﬂuxes. (D)
Dependence of steady-state [Ca2+]ER on the conductance of the Ca
2+
release pathway (inset: expansion of the same graph in the low P0
range). [Ca2+]c was ﬁxed at 100 nM.
Fig. 4. Simulated store charging by increases in [Ca2+]c and its
abolition by removal of [Ca2+]c-dependence of ICaLEAK and ICaSERCA.
‘‘Constant leak’’ was induced by setting ICaLEAK to 0.5 pA. In
‘‘unmodulated SERCA’’, the inﬂuence of [Ca2+]c was removed by
setting the last part of equation 4, ½Ca2þh2c =ð½Ca2þh2c  ECh250Þ, to a
constant value of 0.1203 (which is the value of this expression at
[Ca2+]c = 100 nM). (A) Store-charging visualized as temporal dynam-
ics of [Ca2+]ER. (B) Store-charging visualized as changes in steady-state
[Ca2+]ER with [Ca
2+]c.
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served experimentally by direct measurements (e.g., compare
Fig. 2 with Fig. 20 in [2]). Surprisingly, although this was
not a goal during our model design, we furthermore found that
our model exhibits ‘‘quantal release’’ and ‘‘store charging’’
dynamics. The general biophysical explanation for how quan-
tal release and store charging phenomena arise in our model is
directly apparent from Figs. 3D and 4B, which predict that the
steady-state Ca2+ content of the ER is increased by increasing
[Ca2+]c and decreased by increasing the release P0. It is note-
worthy that, from the mathematical point of view, quantal re-
lease would be implicit in any model where the steady-state
[Ca2+]ER decreases monotonically as P0 is increased, which is
seen in our (Fig. 3D) and some previous (e.g., [34]) models.
This simple theoretical origin of quantal release should be ta-
ken into account when evaluating more complex explanations
for this phenomenon. Considering the overall simplicity of our
model, our results raise the possibility that the recently-discov-
ered Ca2+-dependent modulation of SERCA, combined withbasic electrochemical dynamics of passive Ca2+ ﬂuxes, can be
theoretically suﬃcient to produce quantal release and store
charging. While not ruling out the existence of more complex
mechanisms proposed in the literature [11–14], our results thus
oﬀer perhaps the most parsimonious biologically plausible
explanation to date for these poorly understood phenomena.
4.2. Assumptions and limitations
Is it justiﬁed to propose possible explanations for experimen-
tal phenomena on the basis of highly simpliﬁed mathematical
models? All mathematical models of biological systems contain
numerous simplifying assumptions. It seems probable that this
limitation of theoretical systems may never be overcome, be-
cause our experimental knowledge will likely remain incom-
plete on at least some levels. Nevertheless, a large body of
published work demonstrates that computational modelling,
even when it is based on simplifying assumptions that are un-
likely to reﬂect the situation in vivo, can signiﬁcantly enhance
our understanding of complex biological phenomena (a few
examples: [29,34–41]).
Fig. 5. (A) Protocol for measuring how long store charging persists
after [Ca2+]c was elevated from 100 to 500 nM for 50 s (indicated with
red square). (B) Summary of simulations performed as in A, showing
how Ca2+ release amplitude decays with time from the end of the store
charging stimulus.
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not explicitly model features such as ER Ca2+ buﬀers, rectiﬁca-
tion and selectivity proﬁles of ionic conductances, possible ef-
fects of phosphorylation and pH, and non-uniformities of
Ca2+ concentration. This deliberate simpliﬁcation was per-
formed not because we believe that such factors are unimpor-
tant for Ca2+ signalling, but in order to isolate our main
question of how much physiological dynamics can be inherent
in the recently revealed Ca2+-dependent modulation of SER-
CA. Nevertheless, it is likely that, while not explicitly simu-
lated, various additional processes such as Ca2+ buﬀering
were reﬂected in the magnitudes of the various constants that
we used (Table 1), since these constants were in many cases de-
rived from experimental (post-buﬀering) measurements of
[Ca2+]ER (Table 1). These simpliﬁcations should not, however,
be taken as a ﬂaw in our modelling approach, because, as in
many classical and resent modelling studies (e.g., [29,39,36]),
the general aim of our simulations was not to build as complex
a model as possible, but to identify general principles necessary
for generation of biological phenomena. Indeed, we believe
that the importance of our results derives precisely from the
fact that our simple assumptions were complex enough for
the emergence of quantal release and store charging in our
model. Of course, the fact that these phenomena can be repro-
duced by a simple model does not by itself prove that they
must be simple. However, there is no a priori reason, or exper-
imental proof, for why quantal release and store charging
should require highly complex mechanisms. Therefore, utiliz-
ing to the principle of Occam’s razor, in the current absence
of experimental proof of any of the proposed models it is
important to consider our simple explanation alongside the
more complex ones [11–13].4.3. Experimental tests and potential applications of our model
Because our model makes the prediction that quantal release
and store charging could be biophysically simple phenomena,
they should be exhibited by correspondingly simple biological
systems. An ideal experimental system would be a single-com-
partment membrane structure, e.g., a granule, that possesses
one type of SERCA pump, one type of Ca2+ release channel
and a Ca2+ leak. Single isolated secretory granules that can
act as Ca2+ stores, and in which [Ca2+] can be measured
[42,43], may be a good practical approximation to this ideal
system, and we predict that, when stimulated with stepwise in-
creases in concentration of Ca2+ releasing agents, these simple
structures would exhibit quantal Ca2+ release. Because in our
model quantal release is not a speciﬁc property of the release
channel, we would also predict that it would be displayed by
stepwise increases in the concentration of Ca2+ ionophores.
Finally, we hope that in the future, our simple model could
be used as a physiological plug-in element into more complex
models of single cells, especially the widely used conductance-
based models of neurons which are made up of similar equa-
tions [44–47]. This may enhance the biological plausibility of
the important models in which the intracellular Ca2+ dynamics
encodes and regulates the global excitability of cells [35,48].Acknowledgement: Denis Burdakov is a Royal Society Dorothy Hodg-
kin Fellow.References
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